First principles calculations are performed by using Vienna ab initio simulation package within the framework of density functional theory to understand the electronic and structural properties of yttrium, zirconium and niobium hydrides. The equilibrium lattice constant, the bulk modulus, the total density of states and charge density distribution are analyzed in comparison with the available experimental and theoretical data. The X-ray diraction pattern is also simulated to estimate the lattice constants of these hydrides. The formation energies are computed for rock-salt and uorite structures using density functional theory. The calculated elastic constants obey the necessary stability conditions. A detailed analysis of the changes in density of states and electron density upon hydride formation has allowed us to understand the formation of these hydrides.
Introduction
Metal hydrides have been attracting the attention of researchers for decades as a hydrogen storage material. Their physical properties are interesting from both fundamental and practical point of view. For example, the hydrogen density in metal hydrides can be larger than that in liquid hydrogen [1] . This interesting fact led to the idea to consider metal hydrides as potential candidates for portable fuel cell applications [2] . However, hydrogen stored in metals causes drastic micro structural changes in the host metallic matrix which can lead to undesirable changes in physical and mechanical properties of a material, such as embrittlement. The mechanism of such embrittlement is believed to be dierent depending on whether stable hydrides can be formed or not [3] .
Hydrides for hydrogen storage need to be able to form hydrides with high hydrogen to metal ratio, but should not be too stable, so that the hydrogen can easily be released without excessive heating. Understanding the stability of metal hydrides is the major key to investigate and design potential hydrogen storage materials. This motivated us to investigate the electronic structure, mechanical stability and storage capacity of transition metal hydrides (TMH and TMH 2 , where TM = Y, Zr, and Nb). All the transition metals form a monohydride with the rocksalt structure and dihydride with uorite structure. Among the transition metals, mainly the 4d transition metals form stable hydrides.
In the present work, the density of states (DOS), charge density distribution, and mechanical stability are * corresponding author; e-mail: rrpcaspd2003@gmail.com computed for yttrium, zirconium, and niobium hydrides using VASP code. The X-ray diraction pattern is also simulated using crystal diraction software and the lattice constants are determined.
Computational details
The quantum mechanical calculations have been performed in the framework of density functional theory using the generalized gradient approximation (GGA) [4, 5] as implemented in the VASP code [6, 7] . The interaction between the ion and electron is described by the projector augmented wave method [8] . The cuto energy for plane waves in our calculation is 400 eV for each solid. The Birllouin-zone integrations are performed on the MonkhorstPack K-point mesh [9] . For medium sized cells (12 × 12 × 12) K-point meshes were used for all the 4d transition metal hydrides. The WignerSeitz sphere was chosen in such a way that the boundary potential was minimum and charge ow between the atoms was in accordance with the electronegativity criteria. The E and K convergence are also checked. The tetrahedron method [10, 11] of the Brillouin zone integration is used to calculate the total density of states. The total energy was computed by changing the volume from 1.0 to 0.5V 0 , where V 0 is the equilibrium cell volume. 3 . Results and discussion
Geometric property
At ambient condition the yttrium, zirconium, and niobium hydrides crystallize in rocksalt structure with the space group F m3m (225). In the unit cell of TMH (TM = Y, Zr, Nb) the transition metal atoms are positioned (126) at 4a:(0, 0, 0) and H atom at 4b:(0.5, 0.5, 0.5) and contains four formula units per unit cell. But in the case of dihydrides with uorite structure, the H atoms are positioned at (0.25, 0.25, 0.25). The primitive unit cell of mono and dihydrides of yittrium, zirconium, and niobium with rock-salt and uorite structure is shown in Fig. 1 . Fig. 1 . The primitive unit cell of mono-and dihydrides of yttrium, zirconium, and niobium with rock-salt and uorite.
Stability of TMH and TMH 2 and formation energy
The stability of metal hydrides (TMH and TMH 2 , TM = Y, Zr, and Nb) is analyzed by computing the formation energy using the following relation:
where E tot (TMH 2 ) and E tot (TMH) are the energies of primitive cells of TMH 2 and TMH, respectively. E tot (TM) and E tot (H 2 ) are the energies of a transition metal atom and a hydrogen molecule. The energy of the metal and metal hydride is calculated using VASP code, performed in the framework of density functional theory using the GGA. The value of heat of formation ∆H for mono and dihydrides are calculated using Eq. (1) and Eq. (2), respectively. The variation of heat of formation for yttrium, zirconium, and niobium monohydride with rocksalt structure and dihydride with uorite structure are shown in Fig. 2 . The trends in both mono and dihydrides are quite similar and common. From Fig. 2 , it is observed that the stability of the hydride rapidly increases as we move from yttrium to niobium. The simulated X-ray diraction (XRD) pattern of yttrium, zirconium, and niobium monohydride with NaCl structure and dihydride with CaF 2 structure is shown in Fig. 4ac . A monochromatic radiation of wavelength 1.5406 Å is used to simulate the XRD pattern. The diraction peaks are obtained using the Lorentz function. The sharp, narrow diraction peaks show the absence of impurity in the simulated structures. The lattice parameter is calculated using the expression Fig. 5 , for monohydride in Fig. 6 , and for dihydrides with CaF 2 structure in Fig. 7 . 1 of Nb and 1s 1 state electrons of hydrogen atom, respectively. In the monohydrides, the hydrogen character is isolated within the lowest peak, which is a single occupied band holding two electrons. This lowest band possesses signicant hydrogen character, in addition to a characteristic free electron tail and some metal character. Along the series, the number of electrons in the d-state increases steadily with the increase in the atomic number. The states between −5 eV and 5 eV are dominated by yttrium and niobium metal (M) -s states with a small contribution from the hydrogen atom, but in the case of niobium it is dierent. The states above −5 eV are mainly composed of M (4d) states and H 1s state. These results indicate a strong hybridization between the H 1s and M d states. The central part of the DOS is characterized by two regions. The lower region arises from the The charge density distribution for TMH and TMH 2 (TM = Y, Zr, Nb) containing TM + and H − ion is shown in Fig. 8 . From Fig. 8 , it is observed that the voids (i.e. charge depletion regions) are narrow between H ions and broad between the yttrium ions. On increasing the TM--ion atomic number the TMH bonding becomes stronger and these voids change their shape. It is also found that the light colored areas indicate electron gain, whereas the darker areas indicate electron loss. Because the electron gain on hydrogen is so much greater than on the transition metal, the minimum and maximum values of electron gain and loss were truncated, in order to keep enough resolution around the transition metals. Electron gain on the hydrogen position is substantial, indicating that the hydrogen does not insert as a bare proton. Near the transition metal there are both regions of positive and negative charge dierence, corresponding to the loss or gain of d occupation. Signicant loss o d state electrons is observed, which is due to the formation of a bonding-antibonding pair between the directly overlapping of hydrogen s with metal d orbitals. A more detailed Fig. 8 . Charge density distributions for yttrium, zirconium, and niobium mono-and dihydrides.
understanding of which d orbital's gain occupation can be obtained from the total density of states.
Mechanical property
The calculated elastic constants yttrium, zirconium, and niobium monohydride (rock-salt structure) and dihydride (uorite structure) are presented in Table II . For a stable cubic crystal, the three independent elastic constants C ij (C 11 , C 12 , C 44 ) should satisfy the well known BornHuang criteria for the stability of cubic crystals [17] :
(4) It is found that the elastic constants obtained for cubic transition metal hydrides satisfy the BornHuang criteria, suggesting that they are mechanically stable. Young's modulus E and Poisson's ratio are the two important factors for technological and engineering applications. The stiness of the solid can be analyzed using the Young modulus (E) value. The Young modulus E and Poisson ratio υ are calculated using the expression Table II . It is found that the Young modulus of ZrH 2 is 316 GPa which is greater than that of YH 2 and NbH 2 . It shows that ZrH 2 is stier than yttrium and niobium hydride. Poisson's ratio reects the stability of the crystal against shear. The ratio can formally take value between −1 and 0.5, which corresponds to the lower limit where the material does not change its shape or to the upper when the volume remains unchanged. Hydrogen fuel, which can be readily produced from renewable energy sources, contains at least three times larger chemical energy per mass ≈ 142 MJ kg −1 than any chemical fuel, thus making a hydrogen fuel cell an attractive alternative to an internal combustion engine for transportation. Elements, especially those in groups IIV and some transition metals, have their hydride and amide/imide forms. There is, therefore, still plenty of scope for further exploring metalH systems for hydrogen storage. In our study, we have analyzed the storage capacity of yttrium, zirconium, and niobium hydrides. Formation energy per unit volume (eV) and weight percentage of hydrogen for yttrium, zirconium, and niobium are computed and are given in Table III . The maximum storage capacity is found to be 3.28% in YH 3 . Our results conclude that the hydrogen storage capacity decreases as we move from yttrium (Y) to niobium (Nb). From the density of states, it is also observed that the s-state electrons of the hydrogen atoms contribute more near the Fermi level. Therefore it is easy to release the hydrogen atoms. Thus our results indicate that among the 4d transition metal mono-, di-and trihydrides, YH 3 is one of the best hydrogen storage materials with the storage capacity of 3.28%.
Conclusion
The electronic structure and mechanical stability for the yttrium, zirconium, and niobium hydrides are investigated based on rst principles calculation under the frame work of density functional theory using the GGA. Our results suggest that all the yttrium, zirconium and niobium hydrides are mechanically stable in the rocksalt and uorite structure. It is found that the bonding in these hydrides is a mixture of metallic and covalent characters. Among the hydrides considered, YH 3 is found to be one of the best hydrogen storage material and the maximum storage capacity achieved in YH 3 is 3.28%.
